The ATP-binding cassette transporter ChoVWX is one of several choline import systems operating in Sinorhizobium meliloti. Here fluorescence-based ligand binding assays were used to quantitate substrate binding by the periplasmic ligandbinding protein ChoX. These data confirmed that ChoX recognizes choline and acetylcholine with high and medium affinity, respectively. We also report the crystal structures of ChoX in complex with either choline or acetylcholine. These structural investigations revealed an architecture of the ChoX binding pocket and mode of substrate binding similar to that reported previously for several compatible solute-binding proteins. Additionally the ChoX-acetylcholine complex permitted a detailed structural comparison with the carbamylcholinebinding site of the acetylcholine-binding protein from the mollusc Lymnaea stagnalis. In addition to the two liganded structures of ChoX, we were also able to solve the crystal structure of ChoX in a closed, substrate-free conformation that revealed an architecture of the ligand-binding site that is superimposable to the closed, ligand-bound form of ChoX. This structure is only the second of its kind and raises the important question of how ATP-binding cassette transporters are capable of distinguishing liganded and unligandedclosed states of the binding protein.
The quaternary amine choline is commonly found in soil and the rhizosphere (1) where it can be utilized by microorganisms for various physiological processes. The plant root-associated soil bacterium Sinorhizobium meliloti, which is involved in the fixation of nitrogen and its delivery to its host plant Medicago sativa (2) , uses choline as the sole carbon and nitrogen source (1) . Furthermore it also uses choline as the precursor for the synthesis of the osmoprotectant glycine betaine (3, 4) . Besides S. meliloti forms phosphatidylcholine, a membrane lipid normally found in low amounts in prokaryotes, from choline and CDP-diacylglyceride by the phosphatidylcholine synthase (5, 6) . In light of these diverse physiological functions of choline in S. meliloti, this soil bacterium has developed several systems for choline uptake (7) . One of these is the choline-inducible transport system ChoVWX (8), a member of the superfamily of microbial substrate-binding protein (SBP) 3 -dependent ABC transporters (9) . In the case of the ABC importer ChoVWX from S. meliloti, ChoV serves as the nucleotide-binding domain that provides energy for the transport process via ATP hydrolysis, ChoW is the integral cytoplasmic membrane protein that forms the substrate translocation pathway, and ChoX is the substrate-binding protein located in the periplasm (8) . Binding assays with 14 C-labeled choline and competition studies with compounds structurally related to choline have demonstrated that ChoX recognizes both choline (K D ϭ 2.7 M) and acetylcholine (K D ϭ 145 M) as ligands (8) .
It is generally thought that the substrate-binding protein confers specificity and directionality to a given microbial binding protein-dependent ABC transport system (9, 10) . These binding proteins are either located in the periplasmic space of Gram-negative bacteria or are anchored at the cell surface in Gram-positive bacteria or archaea. The binding protein serves to capture the ligand with high affinity (mostly in the nM or low M range) from substrate-depleted environments and delivers the ligand to the transmembrane domains of the ABC system. Upon ATP binding and hydrolysis by the cytoplasmically located nucleotide-binding domain, the substrate is released into the translocation complex and finally imported into the cell (9, 10) . Recently structural insight into the interactions of substrate-binding proteins with the cognate transmembrane domains of bacterial ABC transporters have been obtained for the putative molybdate importer ModABC from the archaeon Archaeoglobus fulgidus (11) , the vitamin B 12 importer BtuCDF (12) and the maltose importer MalKEFG from Escherichia coli (13) .
Structural studies of a substantial number of bacterial substrate-binding proteins revealed a general bilobal fold for this class of proteins (9, 14, 15) . The substrate-binding site lies within a cleft that is dynamically formed by the two domains of the SBP upon capturing of the substrate. The two lobes of the binding protein are subjected to an opening and closing movement relative to each other, thereby opening and closing the path to the substrate-binding site (15) . A flexible linker connects the two domains and permits a hinge-bending movement (16) that leads to rigid-body motions conducted by both domains of the SBP. The ligand is thereby trapped deep within the binding protein and thus is largely occluded from the surrounding solvent (9, 14, 15) .
In the absence of substrate, the two physical states of the binding protein, unliganded-open and unliganded-closed, are in equilibrium, and it is thought that the binding of the ligand shifts this ratio toward the liganded-closed state (9, 14, 15) . Crystal structures of SBPs both in the open (without a ligand) and the closed (with a ligand) forms have been determined for a substantial number of microbial SBPs (9, 14, 15) . In addition, crystal structures of the ribose and allose sugar-binding proteins from E. coli in various unliganded forms have been analyzed that allow tracing the path of the conformational changes occurring in the binding protein during ligand capturing and the formation of the liganded, closed structure (17, 18) . Remarkably it has also been possible, although for only a single SBP, to elucidate the crystal structure of the unliganded-closed state (19) . Taken together, these structural and other biochemical and biophysical data have given considerable support to the so-called "Venus fly trap mechanism" of substrate binding by SBPs (14, 20) .
Because no crystal structures of substrate-binding proteins with either choline or acetylcholine as ligand are available, we set out to determine the structure of the S. meliloti ChoX protein in complex with its substrates. This structural analysis revealed a ligand binding pocket and mode of substrate binding similar to that previously reported for several microbial glycine betaine/proline betaine-compatible solute-binding proteins (21) (22) (23) (24) . Furthermore we were able to solve the crystal structure of ChoX in a substrate-free closed conformation with an architecture of the ligand-binding site that is superimposable for the closed ligand-bound and closed-unliganded forms of ChoX. This obviously raises the question of how the cognate transporter is capable to distinguish between these two states of the SBP.
EXPERIMENTAL PROCEDURES

Growth Studies of S. meliloti Strain 2011 on Different Carbon
Sources-A preculture of S. meliloti strain 2011 grown in LB media supplemented with 2.5 mM MgSO 4 and 2.5 mM CaCl 2 was harvested and inoculated in M9 minimal medium (25) supplemented with either the sugar mannitol or the trimethylammonium compounds choline or ACh (0.2% (w/v)) as the sole carbon sources. Growth behavior of the S. meliloti strain 2011 in the presence of the different carbon sources was followed by measuring the absorbance (A 600 ) over time.
Protein Expression and Purification-Expression and purification of ChoX were performed as described previously (8) . In brief, choX was overexpressed in the E. coli strain BL21(pLysS) (Stratagene, La Jolla, CA) using the pET20b vector-derived expression plasmid pETNx (8) . Cells were grown in minimal medium with glucose as the carbon source to avoid the capturing of chemically undefined ligands by ChoX from components of rich medium. 5 liters of minimal medium in a 10-liter flask was inoculated from an overnight-grown preculture of strain BL21(pLysS pETNx) to an absorbance (A 578 ) of 0.1, and the cells were grown with rapid stirring of the culture at 37°C. Expression of the pETNx encoded choX gene was induced by the addition of isopropyl 1-thio-␤-D-galactopyranoside (final concentration, 0.5 mM) when the culture reached an A 578 of about 0.5. After choX induction, the bacterial culture was grown for an additional 2 h, and the cells were then harvested by centrifugation. The choX gene encodes a protein with a signal sequence to properly target it into the periplasm of the E. coli host strain. To release the periplasmically located proteins, the ChoX-overproducing cells were subjected to a rapid osmotic shock by resuspending them in ice-cold buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, pH 8.0, 500 mM sucrose) followed by incubation on ice for 30 min. After ultracentrifugation, the supernatant was applied on a nickel-nitrilotriacetic acid column for affinity purification of the His-tagged ChoX protein. Buffer A (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, pH 8.0) was used for washing of the columns. Histagged ChoX protein retained by the nickel-nitrilotriacetic acid column was eluted from the affinity matrix by using a gradient from 10 to 250 mM imidazole, utilizing Buffer A and Buffer B (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole, pH 8.0). To exchange the buffer of the eluted ChoX protein-containing fractions, the protein was dialyzed at 4°C against 5 liters of 10 mM Tris/HCl, pH 7.0 buffer for crystallization experiments or against 5 liters of 10 mM Tris/HCl, pH 7.4, 200 mM NaCl buffer for substrate binding assays using an intrinsic tryptophan fluorescence-based assay. To obtain selenomethionine (Se-Met)-substituted ChoX protein, cells of strain BL21(pLysS pETNx) were grown in glucose minimal medium that was supplemented with 100 mg each of Lys, Phe, and Thr (10 mg/ml) and 50 mg each of Ile, Leu, and Val (5 mg/ml) just prior to the induction of choX expression to inhibit methionine biosynthesis. Incorporation of Se-Met was achieved by the subsequent addition of 60 mg of L-Se-Met (6 mg/ml). The Se-Met-substituted ChoX protein was purified as described above for the unmodified ChoX protein and used after dialysis for crystallization trials.
Ligand Binding Experiments-The affinity of the purified ChoX protein for the different ligands was determined by intrinsic tryptophan fluorescence. Upon binding of the ligand to the tryptophan/tyrosine box (see Fig. 4 ), the intrinsic fluorescence of tryptophan is quenched. The excitation wavelength was set to 295 nm, and fluorescence was monitored from 310 to 370 nm using a FluoroMax (Jobin Yvon, Horiba, Edison, NJ) with slit widths of 3 nm at 22 Ϯ 1°C. Different amounts of ligands in 200 mM NaCl, 10 mM Tris/HCl, pH 7.4 (from 0.5, 2.5, 5, 50, 100, and 500 mM stocks) were titrated to ChoX (600 nM) in 200 mM NaCl, 10 mM Tris/HCl, pH 7.4. To account for background fluorescence, spectra with and without protein were subtracted from each other. All data were averaged from two independent measurements and analyzed according to Equation 1 in the case of acetylcholine and glycine betaine.
Here 
Crystallization of ChoX in the Presence and Absence of a Ligand-Purified ChoX protein (10 mg/ml) was mixed with 1 mM choline and incubated on ice for at least 30 min prior to crystallization. Crystals were obtained using the hanging drop vapor diffusion method at 293 K against a reservoir solution of 100 mM sodium acetate, pH 4.8 -5.0, 15-25% polyethylene glycol 3350. Protein was mixed with mother liquor 1:1 to a final volume of 2 l. Crystals of wild type as well as the Se-Metincorporated ChoX protein with choline were obtained after 4 weeks and had a size of 50 ϫ 20 ϫ 200 m. To obtain crystals in the unliganded state, streak seeding at 277 K, utilizing ChoXcholine microcrystals, was established (27) . Crystals grew in less than 1 day and were immediately flash frozen in liquid nitrogen. In all cases the mother liquor supplemented with 20 -25% ethylene glycerol was used as cryoprotectant.
Data Collection, Refinement, and Structure Analysis-All data sets were collected at the Max Planck beam line BW6 or the European Molecular Biology Laboratory beam line BW7A (Deutsches Elektronen Synchrotron, Hamburg, Germany). Data statistics are given in Table 1 . A three-wavelength anomalous dispersion experiment using an Se-Met-incorporated ChoX-choline crystal was collected at a resolution of 2.9 Å. All data sets were processed with DENZO (28) or XDS (29). To obtain initial phases, SOLVE/RESOLVE was utilized (30) . Eleven of the 14 Se-Met sites present in ChoX were detected leading to a mean figure of merit of 0.49. The model was further refined using REFMAC5 (31) with additional rounds of manual rebuilding using COOT (32) , resulting in a model for one of the two monomers present in the asymmetric unit. This model was used as a template for the high resolution data set of ChoXcholine at 1.9 Å utilizing the molecular replacement program MOLREP (33) , resulting in two monomers in the asymmetric unit. The same model was used as a template for molecular replacement for the ChoX unliganded-closed (2.0 Å) and ChoX-acetylcholine (1.8 Å) structures. For the last two data sets the algorithm of Padilla and Yeates revealed a perfect twin (twinning factor ␣ Ͼ0.479) (55) . These structures were further refined using SHELXL97-2 (34) with (h,Ϫk,Ϫl) as twinning operator. Water molecules were first detected using ARP/ wARP (35) (threshold of 3.2) and further manually checked.
Data set and refinement statistics are listed in Table 1 . As analyzed with Molprobity (36), the Ramachandran plot of the structures of ChoX-choline, ChoX-acetylcholine, and ChoX in the unliganded-closed state show none, 0.3%, and 0.3% of the residues in the disallowed regions, respectively. However, these residues are taking part in crystal contacts, explaining this rather high percentage. Figures of protein molecules were created using PyMol.
Data Bank Searches and Sequence Alignments-Protein homologues of the S. meliloti ChoX protein were searched via the Web server of the National Center for Biotechnology Information (NCBI BLAST) (37) . Sequence alignments of ChoXrelated proteins were performed using ClustalW (38) as implemented in the Vector NTI 10.0 software package (Invitrogen). An alignment of the ChoX protein from S. meliloti with the OpuAC protein from Bacillus subtilis ( Fig. 7 ) was performed by applying an "in-domain" cut in the OpuAC sequence between amino acid residues 168 and 169 and by inverting the N-terminal and C-terminal portions of the OpuAC protein for the sequence alignment to ChoX as described previously (24, 39) .
Protein Data Bank Accession Numbers-Coordinates and structure factors for the various crystal structures of ChoX described in this study have been deposited in the Protein Data Bank with the following accession codes: ChoX-choline (2REG), ChoX closed (2RF1), and ChoX-acetylcholine (2RIN).
RESULTS AND DISCUSSION
Choline and ACh Serve as Sole Carbon Sources for S. meliloti
Strain 2011-The S. meliloti strain 2011 grows in minimal medium (25) supplemented with 0.2% (w/v) mannitol as the sole carbon source. Both choline and ACh can also serve as carbon sources for this microorganism, although growth was considerably reduced in comparison with the mannitol-supplemented culture (Fig. 1) . It is thus apparent that S. meliloti can utilize both trimethylammonium compounds for nutritional purposes although with reduced efficiency. The data reported by Dupont et al. (8) already suggested that the ChoVWX ABC transporter is capable of catalyzing the uptake of both choline and ACh.
Binding Activity of the Purified ChoX Protein-To obtain the S. meliloti ChoX protein for biochemical and structural analysis, we expressed the choX gene in E. coli from plasmid pETNx and overproduced ChoX as an N-terminal His-tagged fusion protein. ChoX was then purified by affinity chromatography to apparent homogeneity essentially as described by Dupont et al. (8) . To assess the functionality of the purified ChoX protein, we performed a fluorescence-based equilibrium binding assay by exploiting the quenching of the intrinsic tryptophan fluorescence of ChoX upon substrate binding. From this type of experiment, the K D value for choline was calculated to be 2.3 Ϯ 1.0 M (Fig. 2A) . These data are in excellent agreement with the K D value of 2.7 M reported previously by Dupont et al. (8) that was based on a binding assay with radiolabeled choline. Using the fluorescence-based equilibrium binding assays, we also determined the K D for ACh; a value of 100 Ϯ 12 M was derived ( Crystallization of ChoX and the Overall Fold of the Ligandbound Protein-Crystals of the ChoX-choline complex were obtained by the hanging drop method at 277 K as described under "Experimental Procedures." The crystal structure was solved at 2.9-Å resolution by multiple wavelength anomalous dispersion phasing of an Se-Met derivative crystal. The structure of native ChoX in complex with choline was subsequently solved by molecular replacement at a resolution of 1.9 Å. Data statistics, refinement details, and model content are summarized in Table 1 . The asymmetric unit contained two protomers. Because the r.m.s.d. of the two protomers is smaller than 0.5 Å for 288 C␣ atoms, we will restrict the description of the overall ChoX structure and the architecture of the ligandbinding site to only one protomer. The overall structure of ChoX with bound choline (Fig. 3) shows a protein fold that is typical for bacterial SBPs (9, 14, 15) . ChoX is an elliptical protein with dimensions of ϳ60 ϫ 40 ϫ 25 Å. Two globular domains (Fig. 3 , colored orange and blue) are connected via two strands (residues 115-119 and 231-234) (Fig. 3, colored yellow) . This topological arrangement of the protein backbone (Fig. 3) classifies ChoX as a type II ligand-binding protein (15) . Domain I in the ChoX-choline model comprises residues 28 -114 and 235-318 (Fig. 3, colored in blue) . Residues 120 -230 build up domain II (Fig. 3, colored orange) . Both domains exhibit a central antiparallel five-stranded ␤-sheet with flanking helices common for type II binding proteins.
A comparison of domain I and domain II of ChoX clearly shows that the latter is not only smaller in size but also exhibits differences in secondary structure (Fig. 3) . In domain II, ␤-strands F, G, and I are shorter than the corresponding ␤-strands in domain I. Interestingly ␤-strands D (residues 108 -115) and E (residues 117-123) both extend into the linker between the two globular domains, basically forming one strand. This strand is disrupted by a single glycine residue (Gly 116 ), which itself is flanked by alanine residues. As glycine residues are known to contribute a rather high flexibility to the protein backbone (40) , this amino acid and also the small adjacent alanine residues might play an important role in a movement of the two domains relative to each other upon substrate binding (14, 20 tional stability to the overall fold of ChoX. Disulfide bridges have, for instance, also been found in the crystal structures of the compatible solute-binding protein EhuB from S. meliloti that uses ectoine and hydroxyectoine as its substrates (39) and in the glycine betaine/proline betaine-binding protein ProX from E. coli (22) . The two cis-peptide bonds present in the ChoX structure are of functional importance for the construction of the ligand-binding site. The structural consequences of these cis-peptide bonds on the proper positioning of the ligandinteracting side chains of Trp 90 and Trp 205 will be discussed in more detail below.
A DALI search revealed a number of substrate-binding proteins with high structural similarity to ChoX. Among the highest matches were the glycine betaine/proline betaine-binding protein ProX from E. coli (Z ϭ 25.6 with 267 of the 309 C␣ atoms aligning with an r.m.s.d. of 2.5 Å; Protein Data Bank code 1R9L) and the glycine betaine/proline betaine-binding protein ProX from the hyperthermophile A. fulgidus (Z ϭ 22.2 with 241 of the 270 C␣ atoms aligning with an r.m.s.d. of 2.5 Å; Protein Data Bank code 1SW4). The structural relatedness of these two compatible solute-binding proteins to ChoX suggests some similar principles of ligand binding despite the rather medium overall amino acid sequence identity of the two ProX proteins to ChoX (19 and 17%, respectively) .
The Choline-binding Site within the ChoX Protein-The ligand choline binds in a deep gorge between the two globular domains of ChoX (Fig. 3) . A closer inspection of the binding site indicates that residues from domain I as well as domain II ( (Fig. 4) . Within the head group of choline, the positive charge is not fixed on the nitrogen atom of the choline molecule but instead is delocalized over the three methyl groups thereby resulting in the formation of a bulky cation (22) . The binding of this voluminous cation within the aromatic ligand-binding box of ChoX is established via cation-interactions (41, 42) . Distances between the carbon atom in the methyl groups of the choline head group and the aromatic side chains of Trp 43 , Trp 90 , Trp 205 , and Tyr 119 are in the range of ϳ3.5-4 Å, consistent with the van der Waals radii of these atoms (43) . In the case of bound choline, 28 interactions are observed. Additionally the choline head group forms a salt bridge with Asp 45 (distances of 3.3 and 3.8 Å) that originates from domain I (Fig. 4) (Fig. 4) . This strongly suggests that a cis-conformation of the protein backbone is necessary at these positions to create the required geometry of the ligand-binding site. Indeed a transconformation of these two peptide bonds would position Pro 92 and Pro 205 in very close distance to the bound ligand. The "tail" of the choline molecule, consisting of a hydroxyl group, forms hydrogen bonds with Asn 156 and Asp 157 (distances of 2.7 and 3.0 Å, respectively) (Fig. 4) . In summary, the choline head group interacts via cation-interactions with residues contributed by both domains I and II of ChoX, whereas the tail of choline is bound exclusively by residues originating from domain II (Fig.  4) . In addition, two water molecules (shown in Fig. 4 interactions apparently further stabilize the ligand-binding site in the ligand-bound closed state of ChoX. An architecture of ligand-binding sites similar to that revealed in ChoX has been found previously in compatible solute-binding proteins for glycine betaine and proline betaine, ProX from E. coli, OpuAC from B. subtilis, and ProX from A. fulgidus (21) (22) (23) (24) . The trimethylammonium head group of glycine betaine and the dimethylammonium head group of proline betaine exhibit delocalized positive charges similar to those of choline. Consequently cation-interactions of these ligands with aromatic residues lining the substrate-binding sites are commonly used by the ChoX, ProX, and OpuAC proteins to ensure high affinity substrate binding. Mutational analysis has been used to probe the importance of individual aromatic residues within the binding pockets of ProX from E. coli (22) , OpuAC from B. subtilis (24) , and the ectoine/hydroxyectoinebinding protein EhuB from S. meliloti that also uses cationinteractions for compatible solute binding (39) . In each case, the strength of the cation-interactions are key determinants for efficient ligand binding, but the contributions of individual aromatic residues to substrate binding are different in ProX, OpuAC, and EhuB as is the precise geometry of the aromatic ligand-binding box (21) (22) (23) (24) 39) .
As observed here for the ChoX-choline complex, salt bridges or hydrogen bonds between the negatively charged carboxylates of glycine betaine, proline betaine, and ectoine/hydroxyectoine are used to further stabilize the substrate within the binding pockets of their respective binding proteins (21) (22) (23) (24) 39) . It is also worth noting that as in ChoX two cis-peptide bonds within the E. coli ProX polypeptide chain (22) provide for a bend in the protein backbone. These structural characteristics are required to properly position aromatic residues in the binding pocket for effective interactions with the ligand.
The Acetylcholine-binding Site of the ChoX Protein-Attempts to co-crystallize ChoX and ACh resulted in diffracting crystals. However, structure determination revealed that the substrate ACh was hydrolyzed during the time required for crystal formation (4 weeks) and that only choline was present in the ligand-binding site. Therefore, we used streak seeding (see "Experimental Procedures" for details) to rapidly obtain crystals of the ChoX-ACh complex (27) . This approach was successful, and well diffracting crystals of the ChoX-ACh complex could be generated. The asymmetric unit contained two protomers, and the structure of the ChoX-ACh complex was refined to 1.8-Å resolution. A summary of the crystallographic data and refinement statistics is given in Table 1 . Because the overall fold of ChoX with either choline or ACh as ligand is identical (r.m.s.d. Ͻ0.5 Å for 288 C␣ atoms), we will restrict the description of the structure of the ChoX-ACh complex to the ligand-binding site.
The architecture of the binding sites within the ChoX-ACh complex and the geometry of the substrate ACh within the binding site differ slightly in the two protomers of the asymmetric unit (Fig. 5, A and B) . The trimethylammonium head group of ACh is similarly bound in the two protomers via cation-interactions to an aromatic box composed of Trp 43 , Trp 90 , Tyr 119 , and Trp 205 . Hence the same type of molecular interactions and the same interaction partners are used to coordinate the binding of the positively charged head groups of either choline (Fig. 4) or ACh (Fig. 5, A and B) within ChoX. Overall the cation-interactions within this aromatic box generate 23 contacts. Furthermore a few short distances in the range of 3-3.3 Å between ACh and the aromatic residues are observed that could possibly impose repulsive interactions (four and three in monomers A and B, respectively). Furthermore the trimethylammonium head group of ACh is fixed via a salt bridge to the side chain of Asp 45 (Fig. 5, A and B) . The binding of the bulky cation head group of ACh to Asp 45 , as measured from the carbon of the nearest methyl group of ACh to the oxygen of Asp 45 , is tighter in monomer A ( Fig. 5A; (Fig. 5, A and B) .
The major difference between the two ACh molecules of the two ChoX protomers lies within the binding geometry of the acetyl group. Whereas the trimethylammonium groups of both molecules occupy similar positions, the tail of the substrates point to different directions. The torsion angles between carbonyl carbon of the acetyl group and the methylene carbon of the choline group thus show values of 92°and 55°for ACh in monomers A and B, respectively. Therefore, in monomer B the ACh adopts a slightly more compact conformation. In both monomers (Fig. 5, A and B mer B in comparison with monomer A (8.5 Å 2 ). Also the electron density of the ACh in monomer A is better defined than in monomer B. Therefore, it cannot be ruled out that the observed different binding geometries of the ligand in the two monomers are simply because of higher thermal motion of ACh in monomer A.
Comparision of ACh Binding in ChoX from S. meliloti Versus Carbamylcholine Binding in Acetylcholine-binding Protein (AChBP) from Lymnaea stagnalis-The
AChBP from the mollusc L. stagnalis is widely considered as a water-soluble homologue of the ligand-binding domain of the membrane-bound nicotinic acetylcholine receptor proteins that are of great pharmacological importance (44 (45) . The AChBP and ChoX proteins are not related to each other in their overall folds; furthermore the biologically active species of AChBP is a pentamer, whereas ChoX is a monomer. However, a comparison of the architecture of the ligand binding pockets of these two proteins revealed common structural elements and mode of substrate recognition by acetylcholine-binding proteins of either eukaryotic or prokaryotic origin.
First in both structures the trimethylammonium moieties of either carbamylcholine or ACh contact aromatic residues via cationinteractions. In the AChBP structure (Fig. 5C ), five aromatic residues build up an aromatic box similar to the one found in ChoX (Fig. 5, A and  B) . The aromatic box of AChBP consists of two tryptophans and three tyrosines, whereas in ChoX, three tryptophans and one tyrosine residue form the aromatic box.
In the binding site of AChBP from L. stagnalis, the substrate carbamylcholine is bound between two separate subunits of the pentameric complex (45) . Residues from two subunits, called the principal and the complementary sides (45), contribute to the formation of the binding site (Fig. 5C ). The binding of ACh to ChoX involves only one protein, but as outlined above, residues from both domains of ChoX contribute to ligand binding (Fig. 5, A  and B) . Because residues originating from both domain I and domain II of ChoX (Fig. 3) form the binding site, the principal and complementary sides present in AChBP (Fig. 5C) is reflected in the binding of the trimethylammonium head groups of either carbamylcholine or ACh. In contrast, the binding of the tail of the ligands is accomplished by only one domain of AChBP or ChoX. These are the complementary side in AChBP and domain II in ChoX. Whereas the tail of carbamylcholine in AChBP makes weak contacts with the hydrophobic amino acids Leu 112 and Met 114 (Fig. 5C ), the tail of the ACh in the ChoX-ACh complex makes contacts with Asp 157 and Asn 156 ; both are highly polar amino acids contributed by domain II of ChoX (Fig. 5, A and B) . In addition, further stabilizing hydrogen bonds are established between the tail of ACh to Tyr 119 , a residue that also originates from domain II of ChoX (Fig. 5, A and B) .
The Unliganded-Closed Conformation of the ChoX ProteinWe attempted to crystallize the ChoX protein in the absence of a ligand via seeding (27) (9, 14, 15) , up to now only one crystal structure has been published for a microbial substrate-binding protein in its unliganded-closed state. This is the crystal structure of the galactose/glucose-binding protein (GGBP) from Salmonella typhimurium reported by Flocco and Mowbray (19) in 1994.
The structure of ChoX in its unliganded-closed conformation was refined to a resolution of 2.0 Å and is therefore directly comparable with the structure of ChoX in complex with choline at a resolution of 1.9 Å (Table 1) . Data statistics for the ChoX unliganded-closed conformation, refinement details, and model content are summarized in Table 1 . The three-dimensional structures of GGBP and ChoX in the closed, unliganded forms suggest that substrate-binding protein can adopt a closed conformation in the absence of a ligand. The closed but unliganded forms of GGBP and ChoX provide further credence to the proposal that substrate-binding proteins constantly undergo closing and opening movements around their hinge regions even in the absence of a ligand (9, 14 -16, 19, 20) . Comparing the overall structures of the liganded-closed and unliganded-closed states of ChoX did not reveal any significant differences (r.m.s.d. Ͻ0.2 Å for 288 C␣ atoms) (Fig. 6A) . The overall fold of the two ChoX structures is virtually identical despite the fact that they represent functionally completely different states of the ChoX protein with respect to the overall transport process. Likewise the closed, unliganded and closed, ligand-bound forms of GGBP also exhibited very similar overall folds, but the former protein was crystallized in a form that was slightly more "open" than the liganded form (19) .
Of particular interest is the comparison of the substrate binding pocket of ChoX in its closed, ligand-bound form with its closed, unliganded form (Fig. 6, B and C) . All amino acids participating in ligand binding are in place in the unligandedclosed ChoX protein thereby preserving the general architecture of the substrate-binding site as observed in the liganded form of ChoX (Fig. 6B) . A superimposition of the binding pockets from the closed, ligand-bound and closed, unliganded forms of ChoX (Fig. 6C) revealed an r.m.s.d. for the C␣ atoms of the residues forming the binding site of 0.2 Å. The only differences between the two structures are the absence of the ligand and the presence of three water molecules instead of choline within the ligand-binding site in the unliganded-closed state. The presence of water molecules is reminiscent of the crystal structure of GGBP in its unliganded-closed form (19) and suggests that these water molecules in both GGBP and ChoX substitute for the ligand.
Ames et al. (46) observed identical affinities for the liganded and ligand-free substrate-binding protein HisJ from the histidine transporter of S. typhimurium. The absence of any structural difference between the liganded-closed and unligandedclosed states of either ChoX (this study) or GGBP (19) raises the question of why a substrate-loaded SBP is capable to more strongly stimulate ATPase activity of the transporter in an in vitro assay than the substrate-free form of the binding protein (47, 48) . From a structural point of view, the reported biochemical data cannot be adequately explained, and this issue clearly requires further investigations. Understanding how ABC transporters are capable of distinguishing the liganded-closed and unliganded-closed states of their cognate binding proteins is even more important in light of theoretical, biochemical, and structural investigations (46 -51) . For example, it was interfered from small angle x-ray crystallography that the maltosebinding protein could exist as a mixture of 85% open and 15% closed forms in the absence of ligand (51) . However, recent NMR studies (52) have demonstrated that the liganded-closed state of maltose-binding protein is different from the one observed by x-ray crystallography for GGBP and ChoX. Based on the detected NMR restraints, the authors concluded that the unliganded-closed state, which is present at an amount of 5% in the absence of ligand, is not simply the mirror image of the liganded-closed state but rather a twisted form (52) . This is likely because of the negatively charged ligand-binding site of maltose-binding protein that predicts an energy difference of 16 kcal/mol for the liganded state and a "GGBP-like" unliganded-closed state (53) . However, as already pointed out by Millet et al. (53) , the situation is different for GGBP. Here hydrogen bonds and water molecules from both domains provide the stabilization in the absence of ligand. This is fundamentally different from maltose-binding protein. In the case of ChoX, the architecture of the ligand-binding site (hydrogen bonds, cation-interactions, and water molecules) is similar to GGBP and different from maltose-binding protein. Thus, it is likely that the architecture of ChoX and its ligand-binding site creates an environment that is reminiscent of GGBP with respect to the closed state.
ChoX as a Functional and Structural Template for Other Microbial Substrate-binding Proteins-A BLAST search for protein related to the amino acid sequence of the S. meliloti ChoX protein was conducted using the NCBI network service. ChoX-related proteins were readily detected, and the top 75 ChoX-related proteins were retained for further analysis (data not shown). Each of these proteins is annotated in the NCBI data base as a putative substrate-binding protein of microbial ABC transport systems. Most of these ChoX-related proteins are from Gram-negative bacteria, they have about the same number of amino acids as ChoX, and the amino acid sequences of these proteins readily align without major gaps with the ChoX sequence resulting in an amino acid sequence identity ranging from 96 to 49%. The proteins that are most closely related to ChoX from S. meliloti are proteins from Sinorhizobium medicae strain WSM419 (96% sequence identity), Agrobacterium tumefaciens strain C58 (79% sequence identity), Rhizobium etli strain CFN42 (74% sequence identity), and Rhizobium leguminosarum bv. Vivicae strain 38412 (74% sequence identity). Each of these microorganisms is taxonomically closely related to S. meliloti.
We inspected the alignment of the 75 ChoX-related substrate-binding proteins for the conservation of those residues that are involved in either choline or acetylcholine binding by ChoX. The three Trp residues (Trp 43 , Trp 90 , and Trp 205 ) that interact with the cation head group of either choline (Fig. 4) or acetylcholine (Fig. 5, A and B) are completely conserved. Likewise Tyr 119 that is also involved in ligand binding via cationinteractions with the head group of the ChoX ligands (Figs. 4 and 5, A and B) is also highly conserved and is only replaced in a few proteins (more distantly related to ChoX) by either Phe or Ala residues. Furthermore Asp 45 that also makes contacts to the choline or acetylcholine head groups (Figs. 4 and 5, A and B) via a salt bridge is completely conserved within the compiled group of 75 ChoX-related proteins. Asn 156 and Asp 157 make stabilizing contacts to the tail of both choline (Fig. 4) and acetylcholine (Fig. 5, A and B) via hydrogen bonds; both residues are highly conserved and are only replaced by other residues in proteins more distantly related to ChoX that also can form hydrogen bonds. We also note that the two Pro residues (Pro 92 and Pro 207 ) that induce the formation of the two cis-peptide bonds in ChoX that are required for the proper positioning of the ligand-interacting Trp 90 and Trp 205 residues are fully conserved. Likewise the residues corresponding to Cys 33 and Cys 247 forming the sole disulfide bridge in ChoX are fully conserved in the 75 aligned ChoX-related proteins, indicating that this disulfide bridge is an important structural element for ChoX-type proteins. Consequently the framework of those residues contributing to the architecture of the choline and acetylcholine ligand-binding site within ChoX are all in place within an evolutionarily related group of substrate-binding proteins.
It is worth noting that none of the ChoX-related proteins compiled by us is currently annotated in the NCBI data base as either a choline-or acetylcholine-binding protein. Instead these proteins are either neutrally annotated as SBPs of ABCtype transporters or specifically annotated as putative glycine betaine/proline betaine substrate-binding proteins. Our analysis of this group of proteins, guided by the structure of ChoX and its interactions with its two ligands, predicts that most, if not all, of the 75 ChoX-related proteins should be able to actually bind choline and acetylcholine as their substrates. Furthermore we consider it likely that each of these proteins will adopt a fold similar to the structure of ChoX reported here.
Alignment (21) . Mutational analysis of the residues forming the ligand-binding site in OpuAC has shown that each of the three Trp residues is essential for efficient glycine betaine binding and that the formation of the hydrogen bond between the ligand and His 230 is a key element for the high affinity binding of this ligand by OpuAC (24) .
Many OpuAC-related proteins are present in the NCBI data base, but in most cases an efficient alignment of these proteins to OpuAC can only been made when an "in-domain cut" (21) in the OpuAC sequence between residues 168 and 169 is applied and the N-and C-terminal segments are then inverted in the sequence alignments (21, 24) . We found that the S. meliloti ChoX and B. subtilis OpuAC proteins can be aligned when the in-domain cut is applied to OpuAC (Fig. 7) . The three Trp residues that coordinate the binding of the positively charged head group of glycine betaine via cation-interactions in OpuAC and the Gly 26 -Ile 27 residues that serve as interacting partners for the carboxylic tail of glycine betaine are also present in ChoX, whereas the functionally important His 230 residue found in OpuAC is missing in ChoX (Fig. 7) . In contrast, Tyr 119 and residues Asn 156 -Asp 157 that participate in the binding of both choline and acetylcholine in ChoX have no functionally equivalent counterparts in OpuAC (Fig. 7) .
The structure-guided inspections of the OpuAC and ChoX sequences suggested that ChoX should actually be able to bind glycine betaine albeit with modest efficiency because the important His 230 equivalent residue from OpuAC is missing in ChoX. However, in connection with the initial analysis of the substrate specificity of ChoX via competition experiments, Dupont et al. (8) reported that ChoX does not bind glycine betaine. In light of the above observations, we re-examined the binding properties of ChoX, and utilizing the fluorescencebased equilibrium binding assay (see Fig. 2 ) we found that ChoX can actually bind glycine betaine with an affinity (K D of 77 Ϯ 21 M) (Fig. 2C ) that lies between those of its ligands choline (K D of 2.3 Ϯ 1.0 M) and acetylcholine (K D of 100 Ϯ 21 M) (Fig. 2) . Compared with OpuAC, this reduced affinity is likely because of the fact that the His residue of OpuAC that is important for the high affinity binding of glycine betaine is exchanged to a Glu residue in ChoX. If the glutamate is not protonated, the repulsion between its negatively charged side chain and carboxylate moiety of glycine betaine would result in weaker binding explaining the differences in K D . Hence a prediction for a new substrate of ChoX could be made, and experimentally verified, by comparing the functionally important residues form the ligand binding pockets of ChoX and OpuAC.
Conclusions-Here we presented the crystal structures of two substrate-bound species of ChoX, a periplasmic ligandbinding protein from the plant root-associated soil bacterium S. meliloti. The overall fold of ChoX closely resembles that of many substrate-binding proteins of microbial ABC-type transport systems. However, the structures of the ChoX-choline and ChoX-acetylcholine complexes reported here uncovered for the first time the molecular details of choline and acetylcholine recognition by a microbial substrate-binding protein. Data base searches revealed a substantial number of ChoX-related binding proteins in a wide range of microbial species, and our ChoX structure-guided inspection of these proteins suggests that they might all function in choline and acetylcholine binding. After a structure-guided comparison of the residues involved in ligand binding in the OpuAC and ChoX proteins, we were able to predict that ChoX should actually also bind glycine betaine and verified this prediction experimentally. The mode of ligand binding found in ChoX for acetylcholine can also be found in the AChBP from the mollusc L. stagnalis (45) that is a watersoluble homologue of the ligand-binding domain of membrane-bound acetylcholine receptors (44) but that is totally unrelated in amino acid sequence and biological function to ChoX. We were also able to obtain crystals of ChoX in a substrate-free closed conformation. This form of ChoX revealed an architecture of the ligand-binding site that is perfectly superimposable to the closed, ligand-bound form of ChoX. Only one structure of a single, closed, and unliganded form of another binding protein, GGBP from S. typhimurium, has been reported previously (19) . The closed, unliganded structures of ChoX and GGBP support the view that certain binding proteins can fully close in the absence of a ligand.
